Characterization of the internal friction properties of 2.25Cr-1Mo steel was investigated with the forced flexural oscillation by a dynamic mechanical analyzer (DMA). Over the range of variables (temperature, frequency, and vibration strain amplitude) normally encountered in service applications, the results show that the internal friction and modulus of 2.25Cr-1Mo steel at elevated temperatures were dependent not only on the temperature, but also on the frequency. Meanwhile, the internal friction was independent of strain amplitude in the present range below 2 Â 10 À4 . According to analysis of above results, it indicated that the internal friction consists of two components. Both components are due to relaxation mechanisms: the first is a thermoelastic relaxation and the second is a broad diffusion-controlled relaxation.
Introduction
The 2.25Cr-1Mo steels have been used extensively as structural components, such as pressure vessels and boiler. These components are often exposed to elevated temperature and subjected to the long term sustained loading. Under these service environments, the degradation of mechanical properties such as strength and fracture toughness arises easily from microstructure changes, creep, and combinations of these factors. 1, 2) Thus, creep becomes one of the most critical factors determining the structural integrity of components. Meanwhile, the creep at high temperatures is strongly related to the elasticity and anelasticity of materials. 3) In order to analyze the deformation responsible for creep damage, therefore, it is very necessary to study the elastic and anelastic behavior of materials in advance.
Previous experiments [4] [5] [6] show that at high temperatures, the anelastic deformation of 2.25Cr-1Mo steel with different matrices varied obviously. However, there were few experiments on quantitative analysis of the anelastic behavior for 2.25Cr-1Mo steels. Generally, the anelastic deformation will exhibit the internal friction when an oscillating stress in the elastic range is applied to the material. 7) As a result, the measurement of internal friction offers a convenient approach to study the anelastic behavior of materials.
In the present, a flexural deformation mode in the DMA device was used to measure the internal friction and modulus of 2.25Cr-1Mo steels as a function of important parameters, such as, frequency, temperature and vibration strain amplitude. Based on the analysis of results, the internal friction properties of 2.25Cr-1Mo steels were characterized, by which the anelastic behavior of 2.25Cr-1Mo steels can be predicted at any particular combination of the controlling parameters.
Experimental Procedure
The ASTM A542M of 2.25Cr-1Mo steel with a nominal composition of Fe-2.4Cr-1.04Mo-0.52Mn-0.31Si-0.19Ni-0.14C (in mass%) was used as the principal alloy. All the samples for DMA experiment were cut into beam shapes with dimensions of 1 Â 10 Â 60 mm 3 , and then the mechanical and electrolytic polishings were carried out before the internal friction measurement.
The internal friction and modulus of A542M steel at different frequencies were measured on a Model 2980 DMA (TA, USA) by the dual cantilever clamp with mode of the temperature and frequency sweep under the fixed strain amplitude. The maximum surface strain amplitude of the specimen was sustained at about 2 Â 10 À4 when heating samples from 273 to 823 K with a heating rate 2 K/min. The internal friction (tan ) was evaluated based on the sample dimension, and the phase lag , between the applied oscillation stress 0 sinð!tÞ and resultant strain " 0 sinð!t À Þ, which can be seen in Fig. 1 . Moreover, the mode of isothermal frequency sweep in the range from 0.01 Hz to 20 Hz was used to study the frequency dependence of internal friction at a given temperature. In addition, the maximum strain amplitudes of 2:8 Â 10 À5 and 9:3 Â 10
À5
were chosen to analyze the amplitude dependence of internal friction for A542M steel. The internal friction is equal to the tangent phase lag, , between the oscillating stress and strain ", where t is time. Figure 2 presents the internal frictions of A542M steel with the increasing temperature at frequencies of 0.1 Hz and 1 Hz, respectively. It can be seen that when the temperature is smaller than 600 K, both of internal frictions at 0.1 Hz and 1 Hz are very small and almost independent of temperature. At temperatures higher than 600 K, however, both internal frictions increase rapidly with the temperature. Meanwhile, the difference between them increases with the temperature and the internal friction at 0.1 Hz is larger than that of 1 Hz at a given temperature. For example, the internal friction at 0.1 Hz is 0.012 and that of 1 Hz is 0.0056 when the temperature is 800 K. Therefore, the internal friction of A542M steel at high temperatures is dependent not only on the temperature, but also on the frequency.
Results and Discussion

Experiment results
The effect of frequency on the internal friction of A542M steel at 773 K and 823 K is shown in Fig. 3 , respectively. When the oscillation frequency increases from 0.01 to 1 Hz, the internal frictions of 773 K and 823 K decrease and there are linear relationships between the Log 10 ð f Þ and Log 10 ðtan Þ at 773 K and 823 K, in which their slopes are very close. At the oscillation frequencies larger than 1 Hz, however, there is a peak of internal friction at 773 K, whose frequency is close to 10 Hz. Besides, it is found that the internal friction of A542M steel at a given temperature is independent of strain amplitude in the present range below 2 Â 10 À4 . Figure 4 shows the modulus of A542M steel as a function of temperature and frequency. With the increasing temperature, the moduli of A542M steel at all frequencies of 0.1 Hz, 1 Hz and 10 Hz decrease, as shown in Fig. 4(a) . Meanwhile, the modulus of A542M steel decreases with the decreasing frequency at a given temperature, which can be seen in Fig. 4(b) . For example, the modulus of A542M steel at 816 K varies from 171.92 to 169.94 GPa when the frequency decreases from 10 to 0.1 Hz. It is very clear that the modulus defect of A542M steel at high temperatures is related to the temperature and frequency.
Discussion
From above experiments, it shows that the amplitudeindependent internal friction and modulus defect of A542M steel at high temperatures are determined by the temperature and frequency, indicating that all of the major components of internal friction come from dynamic relaxation phenomena. The frequency-dependent internal friction increases rapidly with temperature and there is absence of a detectable relaxation peak, which suggested that the component of high-temperature internal friction is related to a broad spectrum of relaxation processes. Meanwhile, the 10 Hz relaxation peak observed at 773 K is characteristic of thermoelastic internal friction according to the peak frequency and the width of the peak at half maximum.
According to previous experiments, [8] [9] [10] the broad spectrum of relaxation processes arises from the dislocation motion and the dislocation velocity is proportional to the effective stress acting on the dislocation line. However, the effective stress consists of the external, harmonically varying stress and the internal stress field within the sample, determined by the pining site, dislocation and grain boundary configuration. Consequently, the high-temperature internal friction tan HT can be represented by 8) tan
where A and n are constants, which strongly depending on the microstructure and dislocation configuration. H is the activation energy, ! is the angular frequency, T is the absolute temperature and k is the Boltzmann constant. Besides, the value of n is also related to the distribution function for internal stresses and usually ranges from 0.11 to 0.38. With eq. (1), its two transformations can be obtained,
From eqs. (2) and (3), it indicated that the value of n can be directly obtained from the isothermal frequency dependence of internal friction, and then the activation energy H is determined by the slope of temperature-dependent internal friction at a given frequency. The other component of thermoelastic internal friction is not the internal property of materials and caused by DMA measurements. The dynamic bending deformation of sample leads to the inhomogeneous distribution of stress and varies linearly with the distance from the neutral axis of sample. As a result, there is heat flow from the compressed layers to the extended layers and a relaxation occurs. This relaxation is the thermoelastic internal friction tan TE and can be given as follows 11) 
where is the relaxation time, E is the Young's modulus of sample, is the coefficient of thermal expansion, C v is the specific heat per unit volume. Besides, the relaxation time depends on the sample thickness h in the direction of bending and is given by
where D is the thermal diffusivity. Combined with eqs. (4) and (5), a convenient description of thermoelastic internal friction has the following form,
where 1 and 2 are coefficients and
Based on above analyses, the measured internal friction of A542M steel is the sum of high-temperature internal friction tan HT and the thermoelastic internal friction tan TE , which can be written by
By eq. (7), it is obvious that the internal friction of A542M steel can be characterized by the coefficients of n, A, H, 1 and 2 . If their values are obtained, the internal friction behavior in service of different temperatures and frequencies can be predicted. At high temperatures, the thermoelastic internal friction of low frequencies is much smaller than the high-temperature internal friction. For example, the thermoelastic internal friction of 1 Hz can be estimated and is approximately two percent of the measured internal friction of 1 Hz at 773 K. Therefore, the internal friction of A542M steel is mainly attributed to the high-temperature internal friction when the frequency is lower than 1 Hz. Combined with the measured internal friction at frequencies lower than 1 Hz in Fig. 3 , the value of n can be calculated by eq. (2). Subsequently, the temperature dependence of internal friction at 0.1 Hz (in Fig. 2 ) is used to calculate the values of H and A by eqs. (3) and (1). In order to estimate the coefficients 1 and 2 of thermoelastic internal friction, the component of high-temperature internal friction is firstly subtracted from the measured internal friction at 773 K (in Fig. 3 ) by replacing the eq. (7) with the obtained values of n, A and H. Meanwhile, the measured modulus of A542M steel in Fig. 4 is employed to calculate the coefficients 1 and 2 with eq. (6). Consequently, all coefficient values of n, A, H, 1 and 2 can be obtained, which are listed in Table 1 . It can be seen that the obtained activation energy H is very close to that for selfdiffusion in -iron, 12) which confirmed that the internal friction of A542M steel at high temperatures is mainly ascribed to the diffusion-controlled relaxation. In addition, the isothermal frequency dependence of internal friction at 823 K is predicted to compare with the correspondingly measured value (in Fig. 3 ), as shown in Fig. 5 . It is very clear that the internal frictions of A542M steel obtained by DMA measurement and predicated with eq. (7) have a good agreement, which validating above analyses. 
Conclusion
With the forced flexural oscillation, the effects of temperature, frequency, and vibration strain amplitude on the internal friction of A542M steel were investigated. Its internal friction and modulus at high temperatures were dependent not only on the temperature, but also on the frequency. Besides, the internal friction was independent of strain amplitude in the present range below 2 Â 10 À4 . Based on the analysis of above results, it indicated that the internal friction of A542M steel at high temperatures was characterized by superposition of two relaxation mechanisms: the broad diffusion-controlled relaxation and the thermoelastic relaxation. In addition, the anelastic behavior of A543M steel in service of different temperatures and frequencies can be predicted with the proposed mechanism.
